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SUMMARY 
The droplet behavior in Yorkmesh packing was studied with 
an equilibrated system of methyl iso-butyl ketone and water 
with the ketone phase dispersed. The drop size and holdup al­
so were measured in a four stage, 3-inch diameter Scheibel ex­
tractor with the same liquids. The results of these investi­
gations indicated that the drop size in a Scheibel extractor 
is determined by the drop size in the mixing sections, and 
that very little growth in the average drop size occurs in the 
packing. It was also found that the behavior of the Scheibel 
extractor at constant stirrer speed with respect to drop size 
and holdup closely parallels a packed extraction column. 
A sampling technique was developed in this investigation 
to obtain the concentration of both streams at a point inside 
the extractor. Using this technique the concentration profile 
along a four stage, 3-inch diameter Scheibel extractor was 
measured with the system of methyl iso-butyl ketone, acetic 
acid, and water. From these data the percent of the extrac­
tion taking place in the packing was computed. 
The performance of the packing in the Scheibel extractor 
was found to be related to the stirrer speed. This was due to 
the effects of the stirrer on the transfer area and the con­
centration gradient in the packed sections. The magnitude of 
these effects on the over-all efficiency of the packed sec­
tions was reported. 
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INTRODUCTION 
The process of liquid-liquid extraction has been employed 
by the chemical industry for many years. The recent advances 
in contactor design and the production of numerous highly se­
lective solvents have opened new areas of possible applica­
tion. However, the use of some of the mechanically agitated . 
contactors in production processes has been limited by the 
lack of information on their internal behavior. 
The Scheibel extractor was patented in 1950 by Scheibel 
(10) for the Hoffmann-La Roche company. It consists of an 
alternate series of mixing sections and packed sections in a 
vertical column as shown in Figure 1. The extractor operation 
is similar to a normal packed column. The heavy phase enters 
near the top of the column and flows downward leaving through 
the bottom. The light phase enters near the bottom and is 
displaced upwards by difference in density. The principal 
interface is maintained in one end section depending upon 
which phase is dispersed. The solute may be introduced in 
either entering solvent or at some intermediate point. 
Scheibel (11), in the first article describing this con­
tactor, reported average stage efficiencies as high as 115%. 
This efficiency was based on the assumption that a mixing sec­
tion and a packing section together comprised one equilibrium 
contact. A capacity of 5.76 ft3/ft2hr. was obtained in a 1-
inch diameter, twelve stage column. 
LIGHT PHASE 
OUTLET 
WOVEN WIRE 
BACKING 
1 
HEAVY PHASE 
INLET 
STIRRER 
LIGHT PHASE 
INLET \ 
Figure 1. Schematic diagram of the Scheibel extractor 
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The dependence of efficiency upon packing height and 
stirrer speed was discussed in this paper. The data indicated 
that an optimum packing height exists for each liquid system. 
When the liquids were emulsified readily, the efficiency was 
more dependent upon the packing height than in the case of a 
system in which the phases separated easily. The height of 
the mixing section was reported to have no effect on the 
efficiency in the range investigated. The data further indi­
cated that increased stirrer speed resulted in increased ef­
ficiency. 
Two years later Scheibel and Karr (12) published a more 
thorough study on a 12-inch diameter column. Three liquid 
systems were investigated under all methods of operation. 
Method of operation refers to which phase is dispersed and to 
the direction of transfer of the solute. In this column com­
bined flow rates in excess of 68 ft3/ft2hr. were attained. 
The effects of combined flow rate, stirrer speed and packing 
height on efficiency were reported. 
The stage efficiency in all cases increased with agitator 
speed to a maximum value, then leveled off for a short inter­
val. If flooding was not immediately encountered, a further 
increase in agitator speed produced a small drop in efficiency. 
The stage efficiency also increased with combined flow 
rate to a maximum then remained substantially constant until 
flooding. The effect of packing height was found to be the 
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same as reported for the 1-inch diameter column (11). The ef­
ficiency appeared to be the sum of two effects, the extraction 
in the mixing section and the extraction in the packing sec­
tion. These two effects were not determined independently. 
In order to separate the effect of the mixing section, 
Karr and Scheibel (6) continued the investigation with a 
column designed to eliminate the extraction in the packing as 
shown in Figure 2. In this article several correlations for 
the efficiency of the mixing section were developed. Using 
difference in activity as the driving force for mass transfer, 
it was possible to correlate the over-all mass transfer co­
efficients for three liquid systems without resorting to in­
dividual film resistances. 
Stirrer speed, the flow rates of each phase, and the con­
centration of the solute in the feed, were the variables 
studied. Two dimensionally similar columns were employed to 
test the effect of physical size. The results indicated that 
the efficiency of the mixing section was independent of the 
flow rate of the continuous phase. However, an increase in 
the flow rate of the dispersed phase decreased the efficiency 
of the mixing section, as shown in Figure 3b. An explanation 
of this phenomenon was postulated by Karr and Scheibel (6). 
The effect of stirrer speed on the efficiency of the mixing 
section is shown in Figure 3a. 
Karr and Scheibel also noted that the. mass transfer co-
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Figure 2. Single stage column used to determine the efficien­
cy of a mixing section 
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Figure 3b. Results from work by Karr and Scheibel on the 
mixing section alone 
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efficient was considerably larger when the organic phase was 
dispersed with the transfer of solute to the organic phase. 
This effect was large enough that, with the organic phase dis­
persed, two correlations were necessary depending upon the 
direction of transfer of the solute. 
A third correlation was required when the aqueous phase 
was dispersed. This was the result of a change in drop size 
and holdup under this condition. The aqueous phase wet the 
internal parts of the column causing a much poorer dispersion. 
In reviewing the past work on the Scheibel extractor it 
is apparent that very little information is available on the 
role of the packed sections. Qualitative reports on the ef­
fect of packing height on the over-all column efficiency have 
been made. Scheibel (12) noted that some extraction takes 
place in this section, but there is no information to indicate 
how much. 
Recently, a number of studies have been made on the in­
ternal behavior of packed extraction columns. Lewis et al. 
(7) in their work on droplet behavior in packed columns re­
ported that a characteristic drop size exists for each liquid 
system in a given packing material. This characteristic drop 
size can be defined as the diameter of the dispersed phase 
drops that will pass through the packing with no change in 
their average size. When drops above or below this charac­
teristic size were introduced into the packing they approached 
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the characteristic size if sufficient packing height was 
available. 
In view of the lack of information on the packing, the 
purpose of this investigation was fourfold: 
1) to measure accurately the drop size leaving a 
packing section as a function of the drop size 
entering, and the flow rates of both phases; 
2) to measure the interfacial area in a four stage 
Scheibel extractor as a function of the flow 
rates and the stirrer speed; 
3) to measure the concentration profile along this 
four stage extractor at the same operating con­
ditions; and 
4) with this information determine the effect of 
the packing on the drop size in the column, how 
much extraction takes place in the packing, and 
the effect of the mixing section on the perform­
ance of the packing. 
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DESCRIPTION OF EQUIPMENT 
The test column used in this investigation was con­
structed from 3-inch diameter Pyrex pipe sections flanged to­
gether. With this type of construction the column could be 
operated with or without stirrers and any number of stages up 
to six. Figure 4 is an assembly drawing of the test column. 
Seven 6-inch long Pyrex pipe sections, eight 1/2-inch 
long Pyrex pipe spacers, and one 10-inch long Pyrex pipe tee 
were available. This gave a maximum column height of 56 
inches. All of the components that contacted liquid were con­
structed of glass, Teflon, polyethylene, 316 or 304 stainless 
steel. The top and bottom manifolds each contained nine 3/16-
inch diameter distributor tubes located to provide uniform 
flow. The distributor tubes in the bottom manifold were later 
replaced with a 1 3/4-inch diameter perforated plate distrib­
utor. This war, necessary to provide a more uniform inlet 
drop size. 
The 6-inch long Pyrex pipe sections were drilled to 
accommodate rubber ampule plugs of the type used to stopper 
medical serum bottles. These plugs permitted the introduc­
tion of hypodermic needles into the side of the column to ob­
tain concentration samples. 
The packing used in the test column for this study was 
the standard Yorkmesh used in 3-inch diameter York-Scheibel 
extractors. The specifications of the packing are listed in 
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Figure 4. Assembly drawing of the test column 
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Table 1. 
The stripping columns and auxiliary equipment e shown 
in Figure 5. The test column was provided with -jtomatic 
interface control. However, the small oscillations in the 
interface produced by the controller resulted in a notice­
able oscillation in the product concentration. For this 
reason the test column was operated under manual control dur­
ing the extraction runs. 
Table 1. Packing specifications 
Type Yorkmesh 
Material 316 stainless steel 
Wire diameter 0.010-inch 
Over-all size 3-inch diameter, 5-inch high 
Void volume 97% 
Figure 5. Flow diagram of apparatus 
1. Light phase storage tank 
2. Light phase head tank 
3. Heavy phase storage tank 
4. Heavy phase head tank 
5. Light phase rotameter 
6. Heavy phase rotameter 
7. Solenoid valves 
8. Taylor Fulscope recording pressure controller 
9. Taylor differential pressure transmitter 
10. Honeywell Grad-U-Trol air motor 
11. 20 psi. air supply 
12. Zero-Max variable speed motor 
13. 3-inch diameter test column 
14. Adjustable jack leg 
15. Temporary light phase storage tank 
16. Light phase head tank (stripping columns) 
17. Distilled water head tank 
18. 2-inch diameter Scheibel stripping columns 
19. Stripped light phase storage tank 
Q 
D 
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MEASUREMENT TECHNIQUES 
Interfacial Area 
The nature of this investigation required several unique 
measurement techniques. The measurement of interfacial area 
in an operating liquid-liquid extractor is complicated by the 
fact that this area is composed of a large number of very 
small drops of nonuniform size. Exact measurements of the 
interfacial area cannot be made because the system is con­
tinually in motion. There are, however, several methods to 
obtain a good estimate of this area. 
The oldest, and most tedious method, requires two sepa­
rate measurements. First, the average drop size of the dis­
persed phase is measured photographically. Then the total 
volume of the dispersed phase present is measured by one of 
several techniques. From the volume of the average drop and 
the total volume of the dispersed phase present, the number of 
these average drops can be calculated. Using the number of 
drops and the surface area of the average drop, the total sur­
face area can be obtained. 
A second method measures the transfer surface directly by 
the amount of light transmitted through the dispersion (9). 
This method requires a probe containing a calibrated light 
source and a photo-cell immersed in the dispersion inside the 
contactor. For this investigation the presence of the probe 
inside the column would disturb the flow pattern to such a 
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degree as to prohibit its use. 
A new method is under development which employs radio 
tracer techniques (1). Although this method has many inherent 
advantages, the accuracy at the present is much poorer than 
the photographic method. 
The photographic technique was chosen to measure inter-
facial area in this work. The drop size pictures were ob­
tained with a Leica Ill-g, 35-mm. camera using an Elmar 50-
mm., f-3.5 lens. A focus slide and a 30-mm. extension tube 
were required as shown in Figure 6. The light source was a 
Heiland model 64-B electronic flash unit which produced 45-
watt seconds in 1/2000 second. A light diffusion shield, con­
sisting of 1/4-inch of polyethylene and several pieces of 
white paper, was placed between the column and the flash unit. 
All of the drop size pictures were taken at a lens open­
ing of f-22 with a Harrison RD-5 red filter using Adox KB-21 
film. The film was developed in Kodak Microdol developer for 
ten minutes. The camera was synchronized with the flash unit 
only at 1/30 and 1/60 seconds. However, there was very little 
outside light so that at either speed setting the exposure 
time was effectively the flash duration. 
A fixed focus guide, shown in Figure 6, was used to main­
tain the plane of focus at the same depth inside the column 
wall for all the drop size pictures. The focus plane was ap­
proximately 1/2-inch inside the column wall, and the depth of 
CABLE RELEASE 
LIGHT DIFFUSION 
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PAN-HEAP 
ADJUSTABLE ARM 
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Figure 6 Photographic apparatus 
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field was about 1/8-inch. The focus plane could not be moved 
further into the column because the drops between the wall and 
the focus plane blurred the picture. Figure 7 shows two 
typical drop size pictures. 
After developing, the negatives were mounted in Kodak 
Ready Mounts and placed in a table slide viewer with an 8x8-
inch screen. The over-all magnification was 3.15 times. A 
random sample of 25 drops was selected and the height and 
width of each measured to the nearest half millimeter on the 
magnified scale. 
A section of the test column was filled with glass beads 
and photographed to determine the amount of distortion in the 
drop size pictures introduced by the curvature of the column 
wall. The results indicated that no distortion was apparent. 
This can be attributed to the shallow depth of field. With 
the center of the picture in sharp focus, the extreme edges of 
the picture were out of focus because the curvature of the 
column wall placed these beads too far behind the focus plane. 
Consequently, the beads, or drops at the extreme edges of the 
picture where distortion is the greatest were out of focus, 
and therefore not measured. 
After a satisfactory drop size photograph has been ob­
tained, consideration must be given to the method used to ob­
tain the average diameter. The number of drops to be measured 
on each picture is a function of the variance of the drop size 
Figure 7. a. Typical drop size photograph in the mixing 
section 
b. Typical drop size photograph of the entering 
drops 
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distribution and the desired precision of the average diame­
ter. The sample size can be obtained from Equation 1. 
A"%t0-05(n-l) (1) 
Where: 
A = the desired precision (e^ a.. 0.1-mm., or 
+ 0.05-mm. ) 
s = the standard deviation of the drop size 
distribution 
n = the number of drops measured 
t0.05(n-l) = the value of the 0.05% point of the "t" 
distribution with (n-1) degrees of freedom. 
In calculating the average drop diameter from a random 
sample of drops, attention must be given to the ultimate use 
of this average. Since the purpose in measuring the drop size 
is to determine the total interfacial area, more weight should 
be given to the small drops. This follows from the fact that 
the specific surface the surface per unit weight) in­
creases as the particle size decreases. The following method 
has been suggested by Dallavalle (2) to correct for this phe­
nomenon. 
If the particles to be considered are spheres then: 
Specific surface = Sw = weight = 
Area of a sphere = ird2 
Weight of a sphere = 
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where p is the density of the particle. Let y^  = weight % of 
particles with diameter (d^ ) and specific surface (Swi). 
Then: 
Yi = nidi* 
Ç nidi: 
„ Ç nidi3swi 
The average specific surface (Sw) = y^ Sw^  = -r-
i nidiJ 
Let (dvs) be the diameter of a fictitious sphere having the 
average specific surface (Sw). Then: 
v^s 
P5w £ Y-i S..„, i wi 
2% n,- d-3 
However, Swi = 
Therefore, dyg = jl 
L nidi" 
i 
Çnidi3- 537 
L nidi" 
?"idi: 1 Pdl 
Thus to estimate the total surface area of a particulate 
material the average volume-surface diameter (dvg) should be 
used. This function is sometimes referred to as the Sauter 
mean diameter. 
In this investigation the calculation of the average di­
ameter was further complicated by the irregular shape of the 
22 
drops. As shown in Figure 7, most of the drops appeared to 
be oblate spheroids, not spheres. To account for this lack of 
sphericity the diameter of a sphere of equivalent volume was 
computed, and this value then used to calculate (d^ g). 
As discussed earlier the volume of the average drop is 
used to obtain the number of average drops, and the surface 
area, of the average drop is used to calculate the total sur­
face area. Since the diameter of the sphere of equivalent 
volume is not equal to the diameter of the sphere of 
equivalent surface area, the (dvs) should be corrected for 
this discrepancy, before it is multiplied by the number of 
drops to obtain the total surface area. This correction was 
made for several sets of experimental data and the largest 
error in the average diameter was less than 5% as shown in 
Appendix A. It was therefore neglected during this investi­
gation. 
The other measurement required for the determination of 
interfacial area is the volume of the dispersed phase present 
at steady state. This is usually referred to as the dis­
persed phase holdup. In this work a displacement technique 
was employed. The test column was assembled as shown in 
Figure 8. After operating for sufficient time to approach 
steady state, the principal interface was located with a 
cathetometer, then all of the solenoid valves were shut off 
simultaneously. 
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Figure 8. Test column assembled for holdup measurements 
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When all of the dispersed phase had accumulated at the 
top of the column, valve (B) was opened and valve (A) was 
closed. The continuous phase then was introduced slowly until 
the principal interface had been returned to its original 
position as indicated by the cathetometer. During this opera­
tion the dispersed phase which had accumulated in the top of 
the column was displaced into the graduated cylinder. This 
volume was recorded as the dispersed phase holdup. 
Concentration Profiles 
The concentration profile along the column is required to 
estimate how much extraction takes place in the packed sec­
tions and to determine the effect of longitudinal dispersion 
on the performance of the packing. Several techniques were 
developed during the course of this investigation to measure 
the concentrations of both phases at a point inside the ex­
tractor . 
The first method, referred to as the single-double phase 
sampling technique, makes use of the fact that from a very 
small tube a sample of the continuous phase only can be drawn. 
Using a large and a small tube at the same position in the 
column, a sample of the continuous phase only, and an equi­
librium sample of both phases can be obtained. From the three 
concentrations, and the ratio of volumes in the equilibrium 
sample, the concentration of the dispersed phase inside the 
column can be computed by a material balance. For this cal-
25 
culation it must be assumed that the concentration of the con­
tinuous phase entering both sample tubes is the same. 
A more direct method employs the wetting characteristics 
of the liquids involved. Two sample tubes are used, one 
packed with a material that is preferentially wet by the con­
tinuous phase, and the other packed with a material that is 
preferentially wet by the dispersed phase. With the proper 
packing in the tubes and the correct pressure drop across this 
packing, one tube will draw only the continuous phase and the 
other tube will draw only the dispersed phase. The largest 
drawback of this method is that the sampling rate is neces­
sarily slow to prevent entrainment of the wrong phase. 
Combinations of these two methods were investigated. 
When both sample tubes draw two phase equilibrium samples, the 
concentrations of the phases inside the column can be cal­
culated by writing a material balance around each tube and 
solving the equations simultaneously. The same assumptions 
made with the single-double phase technique apply with the 
restriction that the ratio of volumes in the two samples must 
not be equal. 
All three of these methods were used during this investi­
gation depending upon the kind of sample obtained. The fol­
lowing sample tubes were found to be satisfactory with the 
system of methyl iso-butyl ketone, acetic acid, and water. 
For the aqueous, continuous phase, an 18-gauge stainless steel 
26 
hypodermic needle with no packing was used. For the organic, 
dispersed phase a 12-gauge stainless steel hypodermic needle 
packed with -28 +48 mesh granulated aluminum then coated with 
polyethylene was used. The plastic coating was accomplished 
by dipping the packed needle in a boiling solution of poly­
ethylene in xylene, then air drying. The sample tubes were 
connected to sample bottles with latex tubing, and pinch 
clamps were used to regulate the flow. 
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EXPERIMENTAL RESULTS 
Droplet Behavior in Yorkmesh Packing 
In addition to measuring the exit drop size as a function 
of the inlet drop size and the flow rates, this experiment was 
designed to determine if the dispersed phase attained its 
characteristic drop size in 5 inches of packing. Five inches 
is the normal packing height between mixing sections in a 
commercially constructed 3-inch diameter York-Scheibel ex­
tractor. 
The test column was assembled as shown in Figure 9. All 
of the runs were made with an equilibrated system of methyl 
iso-butyl ketone and water with the ketone dispersed. The 
average drop size was measured entering the packing, after 
5 inches of packing, and after 15 inches of packing as indi­
cated by positions 1, 2, and 3 in Figure 9. Two pictures were 
taken at each position during every run. 
The basic experimental plan consisted of 18 runs? two 
levels of the dispersed phase flow rate, three levels of the 
continuous phase flow rate, and three levels of the inlet drop 
size. For convenience the experiment was broken into three 
sets of six runs according to the distributor plate used. The 
specifications of the distributor plates are given in Table 2. 
The basic experimental plan was duplicated to obtain a good 
estimate of the experimental error for the statistical tests. 
In the course of this investigation, 216 drop size pictures, 
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Figure 9. Test column assembled for drop size experiments 
on the packing 
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Table 2, Specifications of the distributor plates 
Plate 
diameter 
Plate 
material 
Hole 
diameter 
Number of 
holes/in2 
Series C 1.5" 316 stainless 
steel 
0.125" 18 
Series D 1.5" 316 stainless 
steel 
0.03125" 74 
Series F 1.5" Aluminum 0.0160" 237 
or 5,400 drops, were measured. The results of these measure­
ments are tabulated in Appendix B. 
The measurements in this experiment were made on a dis­
tribution of drop sizes rather than on a single valued quant­
ity, and therefore have some inherent scatter. A statistical 
analysis was employed to aid in the interpretation of the re­
sults. The results of this statistical analysis are given in 
Table 3. 
From Table 3, it can be seen that the continuous phase 
flow rate (Vc) had no significant effect on the outlet drop 
size. The only significant effect produced by the dispersed 
phase flow rate (V^ ) was in series F. At the high dispersed 
phase flow rate the distributor plate produced smaller drops 
than at the low dispersed phase flow rate. The inlet drops, 
being below the characteristic size, grew very little so that 
the outlet drops also were smaller. This phenomenon produced 
the significant effect due to the dispersed phase flow rate. 
The drop size data from series D are plotted in Figure 
Table 3. Analysis of variance for drop size data on the packing 
Series C Series D Series F 
Component d.f. M.S. d.f. M.S. d.f. M.S. 
Replicates 1 0.0045 1 0.160 1 0.0410 
Vç 2 0.0214 2 0.0179 2 0.0115 
Vd 1 0.1320 1 0.0036 1 0.9613* 
vcvd 2 0.0230 2 0.0254 2 0.0031 
Error A 5 0.0272 5 0.0322 5 0.0165 
Position 2 19.1296* 2 2.1100* 2 0.1924* 
Position Vc 4 0.0092 4 0.0118 4 0.0147 
Position Vd 2 0.1877** 2 0.0900 2 0.0350 
Position VCV^  4 0.0152 4 0.0089 4 0.0142 
Error B 12 0.0471 12 0.0358 12 0.0185 
Measurements 36 0.0169 
Total 35 35 71 
S^ignificant at the 1% level. 
S^ignificant at the 5% level. 
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10. The points on this plot are the average over the two 
replicates and the two pictures at each position. Straight 
horizontal lines were drawn because the statistical analysis 
indicated no effect due to the continuous phase flow rate. 
From this plot it appeared that the dispersed phase did not 
attain its characteristic drop size. 
From the analysis of variance an estimate of the pre­
cision of the experiment was obtained. The standard deviation 
for measurements from series F was equal to 0.13-mm. This 
value refers to the scatter in the average drop size obtained 
from the two pictures taken at the same position during the 
same run. This includes errors in measurement, errors in 
sampling the drops from the picture, and variations in two 
pictures from the same run. 
Tests of significance were performed on the difference 
between the average drop size at the various positions along 
the column. In series C and series D, the difference between 
the average drop size at position 2 and the average drop size 
at position 3 was significant at the 5% level. In series F 
the difference between the average drop size at position 1 and 
the average drop size at position 2 was also significant at 
the 5% level. Both of these tests could not be performed on 
the same series since they were not orthogonal. 
The tests between position 2 and position 3 indicated 
that the characteristic drop size is not attained in the first 
Figure 10. Drop size measurements in the packing alone with distributor plate 
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5 inches of packing. The test between position 1 and position 
2 in series F indicated that small drops grew a significant 
amount in the first 5 inches of packing. However, in this 
case a statistically significant amount of growth was about 
0.1-mm. 
Since the continuous phase flow rate did not affect the 
outlet drop size and the dispersed phase flow rate only af­
fected the inlet drop size, a composite plot of inlet drop 
size versus outlet drop size was made for all three inlet 
diameters, as shown in Figure 11. The dashed line represents 
the case of inlet drop size equal to outlet drop size. This 
plot shows that as the inlet drop size becomes smaller the 
droplets pass through the packing with less change in size. 
This plot also 'indicates that the characteristic drop size 
is not attained in 5 inches of packing. 
Interfacial Area in a Four Stage Scheibel Extractor 
The drop size and holdup were measured in a four stage 
Scheibel extractor at steady state with an equilibrated system 
of methyl iso-butyl ketone and water, with the ketone dis­
persed. The series D distributor plate was used during these 
runs. The results of these measurements are tabulated in 
Appendix C. 
The average drop size was measured in the second mixing 
section from the top of the column immediately before the 
column was shut off for the holdup measurement. Since the 
Figure 11. Inlet drop size versus outlet drop size for Yorkmesh packing with 
methyl iso-butyl ketone and water 
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average drop size in the mixing section was below the charac­
teristic drop size and previous experiments had shown that 
very little growth occurred in 5 inches of packing, it was not 
necessary to measure the average drop size in every mixing 
section. Successful drop size pictures could not be obtained 
at 1100 rpm. with the present procedure. 
Figure 12 is a plot of the total column holdup data for 
the high continuous phase flow rate taken from Appendix C. 
The curves for the low continuous phase flow rate were of the 
same shape with all points shifted down several percent. The 
sharp change in slope of the 850 rpm. and 1100 rpm. curves in­
dicated that loading occurred under these conditions. Loading 
is the result of a change in the flow regime in the column, 
and can be explained as follows. In the region of low dis­
persed phase flow rates, below the loading point, the flow of 
the dispersed phase drops takes place in certain channels, 
countercurrent flow of the continuous phase taking place in 
different channels. Under these conditions the drops are 
"spaced out" so that a drop entering the packing at time (t%) 
will leave the packing before a drop that enters at some later 
time (tg). At the loading point the higher holdup allows the 
drops to catch up with one another in the more restricted parts 
of the packing. In these parts the local holdup becomes still 
higher and groups of drops are forced into the continuous. 
phase channels. Consequently, the velocity of the continuous 
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phase is increased locally and the drag on the drops becomes 
greater, so that the effect is cumulative. 
An analysis of variance on the holdup data indicated that 
the continuous phase flow rate, the dispersed phase flow rate, 
and the stirrer speed all produced significant effects on the 
total column holdup. From this analysis the standard devia­
tion of the holdup measurements was found to be 0.4% holdup. 
Figure 13 is a plot of the drop size in the mixing sec­
tion during these runs. The points on this plot, taken from 
Appendix C, are the average over the six different flow rate 
combinations. The scatter indicated by the brackets is in­
herent to the measurement technique and does not represent any 
effect due to changes in flow rates. 
From the drop size and holdup data, values of the specif­
ic transfer surface (i..£. interfacial area per unit volume of 
emulsion) were computed by means of Equation 2. The average 
drop size in the column was taken to be the drop size in the 
mixing section since the previous studies on the packing alone 
proved that very little growth in the average drop size occurs 
in the packing available between mixing sections. 
Where: 
8% = the specific transfer surface 
H = percent of the void column volume occupied by dis­
persed phase 
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d = average drop diameter in the mixing section (dyg) in 
centimeters. 
These values of the specific transfer surface cannot be 
considered as the true mass transfer surface because they were 
obtained with an equilibrated system with no solute present. 
However, the ratio of the specific transfer surface at any 
stirrer speed and flow rates to the specific transfer surface 
at zero stirrer speed and the same flow rates should be nearly 
the same with or without a solute present. This statement is 
based on the assumptions that the only effect of the solute is 
to decrease the interfacial tension, and that this decrease in 
interfacial tension would affect the drop size the same amount 
at all operating conditions. 
Figure 14 is a plot of this ratio for all flow rates and 
most stirrer speeds investigated. The change in flow rates 
had no effect on this ratio below 600 rpm. At 850 rpm. there 
was a slight decrease in this ratio with increased dispersed 
phase flow rate. This was the result of the convergence of 
the holdup curves in Figure 12 at high dispersed phase flow 
rates. The upper point in Figure 14 was the average value of 
the ratio for the three lower dispersed phase flow rates, and 
the lower point was the average value of the ratio for the 
three higher dispersed phase flow rates. 
Concentration Profiles Along a Four Stage Scheibel Extractor 
The concentrations of both phases at various points along 
a four stage Scheibel extractor were measured using the sam­
pling techniques described earlier. For all of these runs the 
Figure 14. Specific transfer surface ratio in the four stage Scheibel 
extractor 
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aqueous feed was 20 weight percent acetic acid and the enter­
ing solvent was 0.20 weight percent acetic acid in methyl iso-
butyl ketone. The ketone phase was dispersed. Sample tubes 
were inserted into the packing 1/2-inch above and below each 
mixing section as shown in Figure 15. The end of the sample 
tubes were between 1/2 and 1 inch inside the column wall. 
During a sampling run the column was operated for 30 
minutes after the principal interface had become stationary 
before the sample tubes were opened. The sampling rate was 
then set at approximately 0.5 ml/min. through each tube. 
Sixty minutes after the principal interface had become sta­
tionary the sample collection bottles were changed and sam­
ples collected for the next 15 to 20 minutes. Product sam­
ples were taken during this last 15 to 20 minutes to insure 
that the column had remained near steady state while the stage 
wise samples were being collected. 
A typical concentration profile along the column is shown 
in Figure 16.* The points on this plot are the results of two 
identical runs. In most cases the agreement was within 0.1 
weight percent. At one point during the experiment the column 
was completely disassembled, sample tubes removed, and new 
packing installed. The largest difference between the con­
centration profiles before and after the column was disassem­
bled was 0.60 weight percent. 
*For original data on concentration profiles see Honekamp 
(4). 
Figure 15. Photograph of column with sample tubes in place 
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Figure 16. Concentration profile along a four stage Scheibel 
extractor at 400 rpm with a flow rate ratio of 
500/700 
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The irregular shape of the concentration profile in 
Figure 16, showing a large concentration change across the 
packing, and a small concentration change across the mixing 
section, is a result of the axial mixing. Since the sample 
tubes were only 1/2-inch over and under the mixing sections, 
the axial flow from the mixers reduced the concentration 
gradient across the mixing section. 
The concentration profiles also indicated that consider­
able channeling occurred at zero stirrer speed. To rectify 
this, new packing was installed. However, this merely shifted 
the channeling and did not correct it. 
When interpreting the concentration profiles, the points 
on these plots cannot be considered as the concentrations of 
passing streams (i^ ie. operating points) since there is no in­
dication of the direction of flow. Most probably the streams 
at the end of the sample tubes are both flowing in the same 
direction due to the action of the mixers. These profiles do 
indicate the average concentration in the mixing section. 
This average concentration is required to calculate the ef­
ficiency of the mixing sections based on the following cor­
relation developed by Karr and Scheibel (6). 
iooE- Ed = 1-09x10"7 (§) (a%) (¥)1,5 (®)4,0 
(3) 
where: 
Ed m Murphree efficiency based on the dispersed phase 
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Z = Height of the mixing section in feet 
D = Diameter of the stirrer in inches 
JÈÊL. = Slope of the activity versus dispersed phase con-
dcd 
centration curve evaluated at the average concen­
tration in the mixing section 
Ap = Average density difference in the mixing section 
a = Average interfacial tension in the mixing section 
in dynes/cm. 
N = Stirrer speed in rpm. 
The solution of Equation 3 is plotted in Figure 17 as a 
function of the average concentration of acetic acid in the 
dispersed phase in the mixing section. 
The number of equilibrium contacts in the mixing sections 
were calculated from the concentration profiles and Figure 17. 
These values were converted to the number of transfer units by 
Equation 4. In using Equation 4, it was assumed that the 
operating and equilibrium lines were straight over the concen­
tration range of one mixing section. This was a good assump­
tion for the system investigated. 
where: 
(NTS) = The number of equilibrium contacts 
(NTUoe) = The number of transfer units based on the over­
all mass transfer coefficient for the extract 
(NTS) 
1 - Em 
R (4) (NTUoe) 
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Figure 17. Efficiency of the mixing section from Equation 3 
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phase 
— n The extraction factor evaluated at the average 
R 
mixing section concentration. 
The total number of transfer units in the whole column, 
and in each section are listed in Table 4, for the runs during 
which the concentration profile was measured. The total num­
ber of transfer units in the whole column were obtained from 
a graphical integration based on the product concentrations. 
The curvature of the operating line was determined in this 
case by using a ternary diagram. The total number of transfer 
units in the mixing sections were calculated as described 
above, and the number of transfer units in the packing were 
obtained by difference. 
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Table 4. (NTUQe) calculated from concentration profile data 
" ! ml/min. aqueous phase 
Stirrer Flow rate ratio ml/min. organic phase 
speed 
(rpm.) 1000/1000 500/500 500/700 666/1000 333/500 
0 * (NTUoe) c 4.92 2.20 2.72 4.19 1.47 
** (NTt^ 
m 
0 0 0 0 0 
*** (NTUoe) 
P 
4.92 2.20 2.72 4.19 1.47 
400 (NTUoe) c 5.79 4.13 3.66 4.52 2.11 
(NTUoe) m 2.20 2.24 1.71 1.60 1.64 
(NTUoe) 
P 
3.59 1.89 1.95 2.92 0.47 
600 (NTUoe) c 7.14 4.72 4.23 5.12 3.15 
(NTUoe) m 3.55 3.73 3.15 3.00 3.02 
(NTUoe) P 3.59 0.99 1.07 2.12 0.13 
850 (NTUoe) c Flooded 5.65 5.05 6.15 3.67 
(NTUoe) m Flooded 4.18 3.65 3.50 3.55 
(NTU0e> P Flooded 1.47 1.40 2.65 0.12 
* 
(NTUQe)c Number of transfer units in the whole column. 
**(NTUoe)m Number of transfer units in the mixing sec­
tions . 
*** 
(NTUoe)p Number of transfer units in the packing sec­
tions . 
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DISCUSSION OF RESULTS 
The study of the droplet behavior in Yorkmesh packing in­
dicated that drops below the characteristic size do not grow 
appreciably in 5 inches of packing height. Consequently, the 
average drop size in an operating Scheibel extractor should be 
nearly constant after the first few mixing sections. 
With mass transfer taking place, there would be a con­
centration gradient from the top to the bottom of the column. 
This concentration gradient may affect the interfacial tension 
sufficiently in some systems to produce a changing drop size 
along the column. Under these conditions the drop size at 
any point along the column would be determined by the drop 
size in the adjacent mixing sections. These observations 
apply only when the nonwetting phase is dispersed. 
The results of the drop size measurements on Yorkmesh 
packing, and the holdup measurements on the four stage Scheibel 
extractor were compared with previous work on packed extrac­
tion columns (3, 7). The behavior of the Scheibel extractor 
at constant stirrer speed with respect to drop size and holdup 
closely paralleled a packed extraction column. 
The performance data for the Scheibel extractor in Table 
4 were compared with data taken from Treybal (13) on a 3.55-
inch diameter column packed with 1/2-inch Raschig rings. The 
packed column data were for the same liquid system with the 
nonwetting ketone phase dispersed and with the solute trans­
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ferred to this phase. Figure 18 is a plot of the packed 
column data and the Scheibel column data from Table 4 in terms 
of (HTUoe). 
This comparison indicated that the Scheibel extractor is 
more efficient than a conventional packed column with this 
system. At some operating conditions (e.£. very low flow 
rates and low stirrer speeds) the packed column is more ef­
ficient than the Scheibel extractor. However, there would 
normally be no advantage in operating a Scheibel extractor 
under these conditions. 
The percent of the extraction taking place in the packing 
was calculated from the results in Table 4. Figure 19 is the 
plot of these calculations. The initial decrease in the 
packing performance from 0 to 600 rpm. was due to the increase 
in axial mixing in this range. The upward bend in the curves 
beyond 600 rpm. indicated that the transfer area was increas­
ing faster than the axial mixing. 
The effect of the axial flow from the mixing section on 
the performance of the packing can be seen easily if the ef­
fect of increasing transfer surface is removed. This was done 
by dividing the (NTUoe)p listed in Table 4 by the appropriate 
value of the specific transfer surface ratio in Figure 14. 
The results of these calculations are plotted in Figure 20. 
The values of (NTUoe)p at any constant flow rate are all based 
on the same transfer area. Consequently, the decrease in the 
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(NTUoe)p with increased stirrer speed must be attributed to a 
decrease in the transfer coefficient or the driving force. 
Since the increased stirrer speed would tend to increase the 
transfer coefficient, this over-all decrease in the (NTUoe)p 
must be due to a large decrease in the driving force. The 
axial flow from the mixing section would produce a decrease in 
the driving force in the packing. 
Based on the results of this investigation, the following 
equation for predicting the number of transfer units in the 
Scheibel extractor was proposed. This equation relates the 
performance of the Scheibel extractor at any stirrer speed and 
flow rates to its performance at zero stirrer speed and the 
same flow rates. 
(NTUoi)x = (NTUoi)0 FaFmFk (5) 
where: 
(NTUo;^ )x = The number of transfer units based on the over­
all transfer coefficient of the (i) phase at 
(x) stirrer speed 
(NTUoi)0 = The number of transfer units based on the 
over-all transfer coefficient of the (i) phase 
at zero stirrer speed 
Fa = Specific transfer surface ratio 
Fm = Axial mixing factor 
Fk = Ratio of the mass transfer coefficient at (x) 
stirrer speed to the mass transfer coefficient 
at zero stirrer speed. 
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The proposed equation has two main advantages over cor­
relations based on the performance of each section alone. The 
correlation techniques developed for packed extraction columns 
can be used to correlate the performance of the Scheibel ex­
tractor at zero stirrer speed. The errors involved in esti­
mating the interactions between the two sections are elimi­
nated. 
A procedure for determining the specific transfer surface 
ratio (Fa) has been indicated in this report. The axial mix­
ing factor (Fm) can be expressed as a function of the axial 
mass transfer Peclet numbers as indicated by Miyauchi (8). 
One method to evaluate this factor would be to employ a 
transient analysis such as that used by Jacques and Vermeulen 
(5) on packed extraction columns. 
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CONCLUSIONS 
With the equilibrated system of methyl iso-butyl 
ketone and water, drops of the ketone phase below 
the characteristic size pass through 5 inches of 
Yorkmesh packing with very little increase in their 
average size. 
The behavior of a four stage Scheibel extractor at 
constant stirrer speed with respect to drop size 
and holdup closely parallels a packed extraction 
column. 
Approximately 25 to 50% of the extraction in a four 
stage, 3-inch diameter Scheibel extractor takes 
place in the packing sections depending upon the 
operating conditions with the system of methyl 
iso-butyl ketone, acetic acid, and water. 
In the normal operating range the mixers increased 
the transfer area and decreased the concentration 
gradient in the packed sections. The effect of 
increased transfer area was usually less than the 
effect of decreased concentration gradient, result­
ing in an over-all decrease in the packing effici­
ency with increased stirrer speed. 
The performance data indicated that the Scheibel 
extractor is more efficient than a conventional 
packed column with this liquid system. 
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6. An equation was proposed to relate the performance 
of the Scheibel extractor at any stirrer speed to 
its performance at zero stirrer speed. 
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APPENDIX A 
Correction of a Sphere of Equivalent Volume to a 
Sphere of Equivalent Surface Area for an oblate Spheroid 
Area of an oblate spheroid: a = semimajor axis 
b = semiminor axis 
A = 2?ra^  + in A- + el where e = ~^ L. 
e 1^ - e) 
a2 - b= 
Expanding: In e>] = 2 fe + e^ _ + e^ _ + e^ . + ... 
V - eJ  ^ 3 5 7 J 
Area of a sphere : A = 4-rrr2 
Equating the area of sphere to the area of an oblate spheroid: 
47rRa2 = 2ira2 + 2 fe + e£+e^ +e2.+ ... 1 
3 5 7 J 
or 
Ra = ^ . + ^ .fl + ei+ei + e£ + ... 1 
2 2 ^ 3 5 7  - J  
Where Ra is the radius of a sphere of equivalent surface area 
to an oblate spheroid. 
Volume of a sphere = 4rr r^  
3 
Volume of an oblate spheroid = 4tt a2b 
3 
3 -y 
Equating volumes: Rv = a b 
Where Rv is the sphere of equivalent volume to an oblate 
spheroid 
Ra 
If we let C = ~ 
Rv 
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C2 = 
2a4/3%2/3 ga^ V^  C 1 + =1 + el+ eî + -0 
2C2 = fÊ.^ 1 2/3 -fa 4/3 
LbJ + , § ^1 + ^ . + ^ + ^.+ ... f) 
Substituting e 
powers 
= ~\I a2 - b2 and neglecting e^  and higher 
2c2<ti2/3+œ4/3+œ4/3 
Let § = g 
a= _ b= 
3a' 
4/3 
+ (a2 - b2) 2 
5a4 
2C 2 = 
2/3 + 23 -4/3 _ 11 -10/3 + £-16/3 
15 J  15 ' 5 
Since the correction is a function of the width and 
height of the droplets it must be applied to each droplet be­
fore the average is computed. The value of this correction 
was computed for the worst case, having an average value of 
g = 1.611. 
*vs 
2 -2 
= 13.584 magnified scale 
dyg = (C3), = 14.206 magnified scale 
X (Cd) 
% Error = 14.206 - 13.584 (ioo) = 4.3% 
14•206 
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APPENDIX B 
Results of Drop Size Measurements on Yorkmesh Packing 
The values in Tables 5, 6, and 7 were obtained by the 
photographic technique discussed in the section on measure­
ment techniques. The position numbers in these tables cor­
respond to the position numbers on Figure 9. 
Table 5. Average drop diameter for distributor plate 1 (dvs in millimeters) 
Replicate I Replicate II 
Continuous phase flow rate 
(cm/min.) 
Continuous phase flow rate 
(cm/min.) 
c 
•H 
e X E c U o 
103 
<u •H 
•P to 
<ti O U Û4 
> 
o 
rH 
«H 
0) 
01 
m A A C 
20 o 
•o -rl Q) •P 01 •H 
M 01 0) o 
O. A 01 
0 10 20 
4.30 4.78 4.64 
1 missing missing missing 
2 2.17 2.54 2.32 
2.32 2.40 2.50 
3 2.21 2.29 2.20 2.65 2.28 2.44 
4.63 
missing 
2.79 
2.40 
2.00 
2.00 
4.25 
missing 
2.34 
2.58 
2.65 
2.09 
4.32 
missing 
2.31 
2.87 
2.29 
2.35 
ti H 
E 
X E c 
u o 
"ID •H 
•P Q) •H 
+J 01 id o 
M & 
> 0 H 
«H 
0) 01 
rti 43 
ti 
_ 20 o 
•H 
<D •P (0 •H 
H 01 0) o 
ft A 01 
0 
4.88 
missing 
2.38 
2.42 
2.18 
2.04 
3.98 
missing 
2.36 
2.98 
2.36 
2.24 
10 
4.80 
missing 
2.47 
2.50 
2.18 
2.48 
4.62 
missing 
2.44 
2.42 
2.24 
2.27 
20 
4.97 
missing 
2.44 
2.35 
2.39 
2.25 
4.25 
missing 
2.31 
2.34 
2.00 
2.05 
Table 6. Average drop diameter for distributor plate D (dvs in millimeters) 
Replicate I Replicate II 
Continuous phase flow rate 
(cm/min.) 
Continuous phase flow rate 
(cm/min.) 
c 
-H 
E \ C 
E o U •H 
10 •H 
<0 to 
+J o (0 A h 
5 
o i—I 
44 
0) 
to a 
m o 
5 •H 0< 20 
•p 
•H 
•d to Q> o 
to 0, M 0) 
A to 
*H Q 
0 10 20 0 10 
2.95 
2.85 
3.42 
3.21 
2.82 
2.62 
ti 
•H 
1 G O 
1 2.79 3.14 
2.56 
3.00 
2.52 2.52 2.44 U w10 
•H 
+1 2 2.34 2.52 
2.31 2.33 2.23 CD •H 01 2.37 2.72 
2.26 2.39 2.28 
-P (0 
M 
O 
cu 
3 2.36 missing 
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Table 7. Average drop diameter for distributor plate F (dvs in millimeters) 
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Table 9. Average drop diameter in the mixing section (dvs in 
millimeters) 
Sspeech Dispersed phase flow rate (cm3/cm2min.) 
(rpm.) 6.57 15.35 24.15 
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